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In the framework of the color-magnetic interaction model, we have systematically calculated
the mass splittings for the S-wave triply heavy pentaquark states with the configuration qqQQQ¯
(Q = c, b; q = u, d, s). Their masses are estimated and their stabilities are discussed according to
possible rearrangement decay patterns. Our results indicate that there may exist several stable
or narrow such states. We hope the present study can help experimentalists to search for exotic
pentaquarks.
I. INTRODUCTION
The possible existence of mutiquark states beyond the
ordinary hadrons were first proposed by M. Gell-Mann
and G. Zweig [1, 2]. Nowadays, it is still an important
and interesting topic to look for such states [3]. With the
experimental progress in recent decades, we are able to
find heavy quark multiquark candidates in various pro-
cesses. In fact, experimentalists announced more exotic
states in past years since the Belle Collaboration reported
the observation of X(3872) in 2003 [4–17], which provides
good opportunities to study the nonperturbative color in-
teractions. Some of the states have been considered as
good tetraquark candidates [18–26].
Recently, the LHCb Collaboration reported the obser-
vation of new pentaquark states at the Rencontres de
Moriond QCD conference [27, 28]. By analyzing the
J/ψp invariant mass spectrum in the Λ0b decay with up-
dated data, a new pentaquark Pc(4312) was discovered
with 7.3σ significance. Meanwhile, the analysis shows
two narrow subpeaks with 5.4 significance, Pc(4440) and
Pc(4457), for the previously reported Pc(4450) [29, 30].
It is generally recognized that these three new states can
be identified clearly as loosely bound ΣcD¯ molecule with
I(JP ) = 1/2(1/2−), ΣcD¯∗ with I(JP ) = 1/2(1/2−), and
ΣcD¯
∗ with I(JP ) = 1/2(3/2−), respectively, within the
framework of one-boson-exchange (OBE) model [31–38].
Because of complicated interactions between the inter-
nal quarks, generally, it is hard to distinguish whether a
hadron is a tightly bound tetraquark (pentaquark) state,
a conventional meson (baryon), a molecular state, or a
structure in others pictures. In understanding the in-
ternal structures of Pc(4380) and Pc(4450), many inter-
pretations were proposed, such as the ΣcD¯
∗, Σ∗cD¯, and
Σ∗cD¯
∗ molecules [39–50], compact pentaquark states [51–
55], diquark-diquark-antiquark states, diquark-triquark
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states [56–63], D¯ solitons, and kinematical effects from
the triangle singularity or due to χc1p rescattering [64–
68].
The studies of more possible pentaquarks were also
stimulated by the observation of Pc states [69–73]. Af-
ter the experimental confirmation of the doubly charmed
baryon Ξ++cc [74, 75], the multiquark states with two or
more heavy quarks were studied in many works [69–
73, 76]. For example, two possible triple-charm molec-
ular pentaquarks ΞccD1 and ΞccD
∗
2 were considered in
Ref. [77]. In this paper, we systematically study the
mass splittings of compact pentaquark states with the
qqQQQ¯ configuration (q = u, d, s;Q = c, b). If a heavy
quark-antiquark pair forms an unflavored state, such pen-
taquarks look like excited qqQ baryons. Otherwise, they
are explicitly exotic states. At present, it is still not easy
to dynamically solve the multi-body problem. Here, we
use the color-magnetic interaction (CMI) model to cal-
culate the mass splittings and investigate the mass spec-
trum of the qqQQQ¯ pantaquark states preliminarily. One
may consult relevant studies with other methods in Refs.
[78–80].
The Hamiltonian of the quark potential model con-
sists of the one-gluon-exchange interaction part and non-
perturbative scalar confining part, which was proposed
by de Rujula, Georgi, and Glashow in Ref. [81]. For the
ground state hadrons with the same quark content, such
as ∆ and N , their mass splitting is mainly determined
by the color-magnetic interaction [82]. When the spa-
cial contributions are encoded into effective quark masses
and coupling parameters, the Hamiltonian can be writ-
ten as the form containing just the quark mass term and
the color-spin interaction term and one gets the CMI
model. There are many studies about the mass spec-
trum for multiquark systems within this model [83–91].
The qualitative properties of the obtained spectra are
helpful for us to search for relevant exotic states. In the
early stage studies on the pentaquark properties, color-
magnetic effects were intensively considered as the pri-
mary contribution in an attempt to explain the narrow
hadronic resonances, too [102].
This paper is organized as follows. In Sec. II, we
introduce the CMI model and construct the flavor ⊗
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2color ⊗ spin wave functions for the qqQQQ¯ pentaquark
states. In Sec. III, we calculate the relevant Hamilto-
nian elements and present the corresponding results. In
Sec. IV, we give numerical results for the masses of the
pentaquark states, illustrate their possible rearrangement
decay channels, and discuss the stability of the states. Fi-
nally, we present a summary in Sec. V and an appendix
in Sec. VII.
II. THE COLOR-MAGNETIC INTERACTION
AND THE WAVE FUNCTIONS
The Hamiltonian of the CMI model has a simple form
H =
5∑
i
Mi +HCMI,
HCMI = −
∑
i<j
Cij~λi · ~λj~σi · ~σj .
Here, Mi represents the effective quark mass for the i-
th quark or antiquark and it takes account of effects
from kinetic energy, color confinement, and other terms
in realistic potential models. The effective constant
Cij ∼ 〈δ3(~rij)〉/(mimj) reflects the coupling strength be-
tween the i-th quark and the j-th quark, which depends
on the quark masses and the spatial wave functions of the
ground states [88]. The Pauli matrix σi and Gell-Mann
matrix λi(−λ∗i ) act on the spin and color wave functions
of the i-th quark (antiquark), respectively.
To calculate the required matrix elements, we con-
struct the wave functions of the ground qqQQQ¯ pen-
taquark states. They are the direct products of SU(3)f
flavor wave function, SU(3)c color wave function, and
SU(2)s spin wave function. Here, we treat the heavy
quark/antiquark as a flavor singlet state instead of con-
structing the wave function with flavor SU(4)f symme-
try [92]. It is convenient to adopt the diquark-diquark-
antiquark base in organizing the wave functions. The no-
tion “diquark” only means two quarks and the meaning
is different from that in the diquark model in Ref. [93]
where the diquark is a strongly correlated quark-quark
substructure with color=3¯c and spin=0. The constructed
wave functions may also be used to study properties of
the qqQQQ¯ states in dynamical quark models.
In the SU(3)f flavor space, the qqQQQ¯ states belong
to the flavor symmetric 6f and antisymmetric 3¯f repre-
sentations (Fig. 1), which is similar to the situation for
part of the QQqqq¯ states [88]. For the nnQQQ¯ (n = u, d)
case, the isovector states (I = 1) and the isoscalar states
(I = 0) do not mix since we do not consider isospin break-
ing effects. For the nsQQQ¯ case, the fact mn 6= ms leads
to SU(3)f breaking and thus the state mixing between
6f and 3¯f . As a result, we need to consider four cases
of states: nnQQQ¯ (I = 1), nnQQQ¯ (I = 0), nsQQQ¯
(I = 1/2), and ssQQQ¯ (I = 0). Note that the isovector
and isoscalar nnQQQ¯ states are not degenerate since the
Pauli principle has impacts.
3 f 6 f
ssQQQ
nsQQQ
nnQQQ
FIG. 1: Flavor representations of the qqQQQ¯ pentaquark
states. Here Q = c, b and q = n, s with n = u, d.
In the color space, the wave functions can be analyzed
with the SU(3)c group theory. The Young diagrams tell
us that there are three color-singlet wave functions for
the qqQQQ¯ states. With the diquark-diquark-antiquark
base, they are
φ1 ≡ φAA = [(q1q2)3¯c(Q3Q4)3¯cQ¯],
φ2 ≡ φAS = [(q1q2)3¯c(Q3Q4)6cQ¯],
φ3 ≡ φSA = [(q1q2)6c(Q3Q4)3¯cQ¯].
In the notation [(q1q2)
color1(Q3Q4)
color2Q¯], the color1
and color2 stand for the color representations of the
light diquark and heavy diquark, respectively. The S
(A) means “symmetric” (“antisymmetric”) with quark
exchanges. The explicit wave functions are the same as
those for the QQqqq¯ states studied in Ref. [88].
One can also use the baryon-meson base (qqQ-QQ¯ or
qQQ-qQ¯) to construct the wave functions. The relevant
decomposition is
(3c ⊗ 3c ⊗ 3c)⊗ (3c ⊗ 3¯c)
= (1c ⊕ 8c ⊕ 8c ⊕ 10c)⊗ (1c ⊕ 8c)
→ (1c ⊗ 1c)⊕ (8c ⊗ 8c)⊕ (8c ⊗ 8c). (1)
Ref. [86] adopted this base in studying the hidden-charm
pentaquark states. Although the final Hamiltonians are
different for these two bases, the eigenvalues and mass
spectrum would be identical after diagonalization. How-
ever, the baryon-meson base is not suitable to the present
systems since two pairs of identical quarks may exist in
a state like nnccQ¯.
In the spin space, the possible wave functions for the
considered states in the diquark-diquark-antiquark base
are
JP =
5
2
−
: χ1 = [(q1q2)1(Q3Q4)1Q¯]
5
2
2 ,
3TABLE I: The possible color-spin wave function bases.
Jp = 5
2
−
:
φ1χ1 = [(q1q2)
3¯
1(Q3Q4)
3¯
1Q¯]
5
2
2 δ
A
12 φ2χ1 = [(q1q2)
3¯
1(Q3Q4)
6
1Q¯]
5
2
2 δ
A
12δ34 φ3χ1 = [(q1q2)
6
1(Q3Q4)
3¯
1Q¯]
5
2
2 δ
S
12
Jp = 3
2
−
:
φ1χ2 = [(q1q2)
3¯
1(Q3Q4)
3¯
1Q¯]
3
2
2 δ
A
12 φ2χ2 = [(q1q2)
3¯
1(Q3Q4)
6
1Q¯]
3
2
2 δ
A
12δ34 φ3χ2 = [(q1q2)
6
1(Q3Q4)
3¯
1Q¯]
3
2
2 δ
S
12
φ1χ3 = [(q1q2)
3¯
1(Q3Q4)
3¯
1Q¯]
3
2
1 δ
A
12 φ2χ3 = [(q1q2)
3¯
1(Q3Q4)
6
1Q¯]
3
2
1 δ
A
12δ34 φ3χ3 = [(q1q2)
6
1(Q3Q4)
3¯
1Q¯]
3
2
1 δ
S
12
φ1χ4 = [(q1q2)
3¯
1(Q3Q4)
3¯
0Q¯]
3
2
1 δ
A
12δ34 φ2χ4 = [(q1q2)
3¯
1(Q3Q4)
6
0Q¯]
3
2
1 δ
A
12 φ3χ4 = [(q1q2)
6
1(Q3Q4)
3¯
0Q¯]
3
2
1 δ
S
12δ34
φ1χ5 = [(q1q2)
3¯
0(Q3Q4)
3¯
1Q¯]
3
2
1 δ
S
12 φ2χ5 = [(q1q2)
3¯
0(Q3Q4)
6
1Q¯]
3
2
1 δ
S
12δ34 φ3χ5 = [(q1q2)
6
0(Q3Q4)
3¯
1Q¯]
3
2
1 δ
A
12
Jp = 1
2
−
:
φ1χ6 = [(q1q2)
3¯
1(Q3Q4)
3¯
1Q¯]
1
2
1 δ
A
12 φ2χ6 = [(q1q2)
3¯
1(Q3Q4)
6
1Q¯]
1
2
1 δ
A
12δ34 φ3χ6 = [(q1q2)
6
1(Q3Q4)
3¯
1Q¯]
1
2
1 δ
S
12
φ1χ7 = [(q1q2)
3¯
1(Q3Q4)
3¯
1Q¯]
1
2
0 δ
A
12 φ2χ7 = [(q1q2)
3¯
1(Q3Q4)
6
1Q¯]
1
2
0 δ
A
12δ34 φ3χ7 = [(q1q2)
6
1(Q3Q4)
3¯
1Q¯]
1
2
0 δ
S
12
φ1χ8 = [(q1q2)
3¯
1(Q3Q4)
3¯
0Q¯]
1
2
1 δ
A
12δ34 φ2χ8 = [(q1q2)
3¯
1(Q3Q4)
6
0Q¯]
1
2
1 δ
A
12 φ3χ8 = [(q1q2)
6
1(Q3Q4)
3¯
0Q¯]
1
2
1 δ
S
12δ34
φ1χ9 = [(q1q2)
3¯
0(Q3Q4)
3¯
1Q¯]
1
2
1 δ
S
12 φ2χ9 = [(q1q2)
3¯
0(Q3Q4)
6
1Q¯]
1
2
1 δ
S
12δ34 φ3χ9 = [(q1q2)
6
0(Q3Q4)
3¯
1Q¯]
1
2
1 δ
A
12
φ1χ10 = [(q1q2)
3¯
0(Q3Q4)
3¯
0Q¯]
1
2
0 δ
S
12δ34 φ2χ10 = [(q1q2)
3¯
0(Q3Q4)
6
0Q¯]
1
2
0 δ
S
12 φ3χ10 = [(q1q2)
6
0(Q3Q4)
3¯
0Q¯]
1
2
0 δ
A
12δ34
JP =
3
2
−
:

χ2 = [(q1q2)1(Q3Q4)1Q¯]
3
2
2 ,
χ3 = [(q1q2)1(Q3Q4)1Q¯]
3
2
1 ,
χ4 = [(q1q2)1(Q3Q4)0Q¯]
3
2
1 ,
χ5 = [(q1q2)0(Q3Q4)1Q¯]
3
2
1 ,
JP =
1
2
−
:

χ6 = [(q1q2)1(Q3Q4)1Q¯]
1
2
1 ,
χ7 = [(q1q2)1(Q3Q4)1Q¯]
1
2
0 ,
χ8 = [(q1q2)1(Q3Q4)0Q¯]
1
2
1 ,
χ9 = [(q1q2)0(Q3Q4)1Q¯]
1
2
1 ,
χ10 = [(q1q2)0(Q3Q4)0Q¯]
1
2
0 .
In the notation [(q1q2)spin1(Q3Q4)spin2Q¯]
spin4
spin3, spin1 and
spin2 represent the spins of the light and heavy di-
quarks, respectively, spin3 represents the total spin of
the four quarks, and spin4 represents the total spin of
the pentaquark. The diquark is symmetric (antisymmet-
ric) when spin1,2 is 1 (0).
Combining the spin and color wave functions together,
we obtain thirty possible bases which are shown in Ta-
ble I with the notation [(q1q2)
color1
spin1 (Q3Q4)
color2
spin2 Q¯]
spin4
spin3.
Not all of them are allowed for a given set of quantum
numbers. To reflect the constraint from the Pauli prin-
ciple, we have inserted three symbols δA12, δ
S
12, and δ34 in
the wave functions. When the light diquark is symmetric
(or antisymmetric) in flavor space, δS12 = 0 (or δ
A
12 = 0),
otherwise δS12 = 1 (or δ
A
12 = 1). When the two heavy
quarks are the same, δ34 = 0, otherwise δ34 = 1. Con-
sidering all possible configurations, we need to analyze
twelve qqQQQ¯ systems. They can be divided into six
classes:
(1) nnccQ¯ (I = 1), nnbbQ¯ (I = 1), ssccQ¯, ssbbQ¯;
(2) nnccQ¯ (I = 0), nnbbQ¯ (I = 0);
(3) nncbQ¯ (I = 1), sscbQ¯;
(4) nncbQ¯ (I = 0);
(5) nsccQ¯, nsbbQ¯;
(6) nscbQ¯.
Each class has similar structures and the same CMI
Hamiltonian expressions.
III. THE CMI HAMILTONIAN EXPRESSIONS
With the constructed wave functions, we can calcu-
late CMI Hamiltonian matrix elements. To simplify the
expressions, we define the combinations of the effective
couplings shown in Table II.
For the pentqaurk states without constraints from the
Pauli principle, e.g. nscbQ¯, all the color-spin wave func-
tion bases in Table I are involved. In the Appendix,
we show the obtained CMI matrices for the cases JP =
5/2−, 3/2−, and 1/2− in Tables XII, XIII, and XIV, re-
spectively. For the pentaquark states having constraints
from the Pauli Principle, relevant matrices can be ex-
tracted from these tables. Here, we take the nnccQ¯ case
as an example. When one considers the I(JP ) = 1(5/2
−
)
state, one has δS12 = 0, δ
A
12 = 1, and δ34 = 0 and only the
base φ1χ1 is allowed. It is easy to read out the CMI
4TABLE II: Defined variables to simplify the CMI Hamiltonian
matrix elements.
Variable Definition Variable Definition
α C12 + C34 ζ C13 + C23 + C14 + C24
β C34 − 2C12 η C13 + C23 − C14 − C24
γ 2C34 − C12 θ C13 − C23 + C14 − C24
δ 3C34 − C12 κ C13 − C23 − C14 + C24
 C34 − 3C12
ν C15 + C25 ξ C15 − C25
λ C35 + C45 µ C35 − C45
Hamiltonian from Table XII,
〈HCMI〉 = 1
3
[8α+ 2ζ + 4(ν + λ)]. (2)
Similarly, when one considers the I(JP ) = 0(5/2
−
) state,
only the wave function base φ3χ1 is allowed because δ
A
12 =
0, δS12 = 1, and δ34 = 0. The extracted CMI Hamiltonian
from Table XII is
〈HCMI〉 = 1
3
(4γ + 5ζ − 2λ+ 10ν). (3)
IV. THE qqQQQ¯ PENTAQUARK MASS
SPECTRA
A. The determination of parameters and
estimation strategy
Now, we determine the values of the seventeen coupling
parameters (Cnn, Cns, Css, Ccn, Cbn, Ccs, Cbs, Cbc, Ccc,
Cbb, Cnc¯, Cnb¯, Csc¯, Csb¯, Ccc¯, Cbc¯, Cbb¯, and Ccb¯) in order
to estimate the pentaquark masses. Most of them can be
extracted from the measured masses of the conventional
hadrons (see Table III). The related CMI expressions are
HJ=1CMI(q1q¯2) =
16
3
C12,
HJ=0CMI(q1q¯2) = −16C12,
H
J= 32
CMI (q1q2q3) =
8
3
(C12 + C23 + C13),
H
J= 12
CMI (q1q2q3) =
8
3
C12 − 2[C23 + C13] √3[C23 − C13]√
3[C23 − C13] −3C12
 ,
where the two bases for the last matrix corresponds to
the case of Jq1q2 = 1 and that of Jq1q2 = 0. We show
the determined coupling parameters in Table IV where
CqQ¯ = CQq¯ is implied. Further, we use the approxi-
mation CQQ = 2/3CQQ¯ [3] (Cbb = 2/3Cbb¯ ≈ 1.8 MeV,
Ccc = 2/3Ccc¯ ≈ 3.3 MeV, and Cbc = 2/3Cbc¯ ≈ 2.0 MeV)
because only one doubly heavy baryon Ξcc is observed in
experiments. For the B∗c mass, it has not been observed
yet and we take a theoretical result.
TABLE III: Used masses of the conventional hadrons in units
of MeV [96]. The adopted masses of the not-yet-observed
doubly heavy baryons are taken from Ref. [100]. The values
in parentheses are obtained with the parameters in Ref. [89].
Mesons Mesons Baryons Baryons
(J = 0) (J = 1) (J = 1
2
) (J = 3
2
)
pi 139.6 ρ 775.3 N 938.3 ∆ 1232.0
ω 782.7 Ξ 1314.9 Ξ∗ 1531.8
φ 1019.5 Ω 1672.5
Λ+c 2286.5
K 493.7 K∗ 891.8 Σc 2454.0 Σ∗c 2518.4
D 1869.7 D∗ 2010.3 Ξ
′
c 2577.9 Ξ
∗
c 2518.4
Ds 1968.3 D
∗
s 2112.2 Ωc 2695.2 Ω
∗
c 2765.9
B 5279.3 B∗ 5324.7 Σb 5811.3 Σ∗b 5832.1
Bs 5366.9 B
∗
s 5415.4 Ξ
′
b 5935.0 Ξ
∗
b 5955.3
Ωb 6046.4 Ω
∗
b 6090.0[99]
ηc 2983.9 J/ψ 3096.9 Ξcc 3621.4 Ξ
∗
cc (3685.4)
Ξcc (3557.4) Ξ
∗
cc 3621.4
Ωcc (3730.4) Ω
∗
cc 3802.4[101]
ηb 9399.0 Υ 9460.3 Ξbb 10093.0 Ξ
∗
bb (10113.8)
Ωbb 10193.0 Ω
∗
bb (10212.2)
Bc 6275.1 B
∗
c 6331.0[98] Ξbc 6820.0
Ξ
′
bc (6845.9) Ξ
∗
bc (6878.8)
Ωbc 6920.0
Ω
′
bc (6950.9) Ω
∗
bc (6983.4)
Using the mass formula M =
∑
iMi+ 〈HCMI〉 and the
obtained parameters, one sees that the estimated masses
of conventional hadrons are in general higher than the
measured values, which is illustrated in Table V. The rea-
son is that the adopted model and parameters could not
account for the necessary attractions for all the hadrons.
Overestimated masses with this approach were also ob-
tained in various tetraquark and pentaquark states [83–
90]. To make a more reasonable estimation, we use the
improved mass formula by replacing
∑
iMi in Eq. (1)
with Mref − 〈HCMI〉ref where Mref is a reference mass
scale and 〈HCMI〉 is the corresponding CMI matrix ele-
5TABLE IV: The extracted effective coupling parameters in units of MeV.
Hadron CMI Hadron CMI Parameter
N −8Cnn ∆ 8Cnn Cnn = 18.4
Σ 8
3
Cnn − 323 Cns Σ∗ 83Cnn + 163 Cns Cns = 12.4
Ξ0 8
3
(Css − 4Cns) Ξ∗0 83 (Css + Cns)
Ω 8Css Css = 6.5
pi0 −16Cnn¯ ρ 163 Cnn¯ Cnn¯ = 30.0
K −16Cns¯ K∗ 163 Ccs¯ Cns¯ = 18.7
D −16Ccn¯ D∗ 163 Ccn¯ Ccn¯ = 6.7
Ds −16Ccs¯ D∗s 163 Ccs¯ Ccs¯=6.7
B −16Cbn¯ B∗ 163 Cbn¯ Cbn¯=2.1
Bs −16Cbs¯ B∗s 163 Cbs¯ Cbs¯=2.3
Bc −16Cbc¯ B∗c 163 Cbc¯ Cbc¯ = 3.3
ηc −16Ccc¯ J/ψ 163 Ccc¯ Ccc¯ = 5.3
ηb −16Cbb¯ Υ 163 Cbb¯ Cbb¯ = 2.9
Σc
8
3
Cnn − 323 Ccn Σ∗c 83Cnn + 163 Ccn Ccn = 4.0
Ξ′c
8
3
Cns − 163 Ccn − 163 Ccs Ξ∗c 83Cns + 83Ccn + 83Ccs Ccs = 4.8
Σb
8
3
Cnn − 323 Cbn Σ∗b 83Cnn + 163 Cbn Cbn = 1.3
Ξ′b
8
3
Cns − 163 Cbn − 163 Cbs Ξ∗b 83Cns + 83Cbn + 83Cbs Cbs = 1.2
ment. Then
M = Mref − 〈HCMI〉ref + 〈HCMI〉. (4)
In the present study for pentaquark states, we choose
the baryon-meson thresholds as the mass scales, where
the reference baryon-meson system should have the same
constituent quarks with a considered system. The attrac-
tion not incorporated in the original approach is somehow
phenomenologically compensated in this procedure [88].
Before the detailed discussions about the qqQQQ¯ pen-
taquark states, we emphasize that our results are only
rough estimations. They should be updated once a
qqQQQ¯ pentaquark state is observed in future experi-
ments and its mass can be chosen as a reference scale.
Although the pentaquark masses may be changed largely,
the mass splittings should not be affected significantly.
In the following parts, we only present the numerical
values obtained with Eq. (4). Here, the involved masses
of reference baryons and mesons have been given in Table
III. To understand the decay properties in the following
discussions, we also show some masses of the not-yet-
observed doubly heavy baryons in the table, which were
obtained from several theoretical calculations. Since the
spin of the Ξcc observed by LHCb may be 1/2 or 3/2, we
show results in both cases in Table III.
B. The nnccQ¯, ssccQ¯, nnbbQ¯, and ssbbQ¯ pentaquark
states
Substituting the parameters into the CMI matrices and
diagonalizing them, the pentaquark masses are obtained.
Here, we present the masses with corresponding reference
systems for the nnccQ¯, ssccQ¯, nnbbQ¯, and ssbbQ¯ states
in Table VI. In these systems, a state is explicitly exotic
if the flavor of Q is different from the heavy quarks.
For the nnccc¯ states, there are two types of reference
systems we can adopt, (cc¯)(cnn) and (c¯n)(ccn). The
mass MΞcc = 3621.4 MeV measured by the LHCb Col-
laboration is used in the latter case. We assume that
the spin of Ξcc is 1/2 although it has not been deter-
mined yet. If the spin is 3/2, the pentaquark masses
estimated with the threshold relating to MΞcc would be
shifted downward by 64 MeV according to Ref. [89], but
the gaps are the same. As for the nnbbQ¯, ssccQ¯, and
ssbbQ¯ systems, we can similarly adopt two types of refer-
6TABLE V: Mass differences (∆M = MTh. −MEx.) between
the calculated values (Th.) and experimental values (Ex.) for
conventional hadrons in units of MeV. MTh. is obtained with
M =
∑
iMi + 〈HCMI〉 and Mn = 361.7 MeV, Ms = 540.3
MeV, Mc = 1724.6 MeV, and Mb = 5052.8 MeV [89].
Hadron ∆M Hadron ∆M Hadron ∆M Hadron ∆M
pi 109.5 ρ 107.2 N 0 ∆ 0
K 110.6 K∗ 105.3 Σ -12.4 Σ∗ -5.4
ω 99.8 φ 96.0 Ξ 9.4 Ξ∗ -7.3
D 112.2 D∗ 113.7 Λ 1.1 Ω 0
Ds 189.7 D
∗
s 188.7 Σc 0 Σ
∗
c 0
B 101.6 B∗ 101.2 Λc 14.7 Ξc 58.4
Bs 189.6 B
∗
s 190.2 Ξ
′
c 35 Ξ
∗
c 37.6
ηc 380.9 J/ψ 381.0 Ωc 76.5 Ω
∗
c 82.6
ηb 660.0 Υ 661.0 Σb 0 Σ
∗
b 0
Bc 450.0 Λb 9.7 Ξb 62.7
Ξ′b 39.8 Ξ
∗
b 45.0
Ωb 92.1 Ξcc 161.5
ence systems, (QQ¯)(Qqq) and (Q¯q)(QQq). Because other
doubly heavy baryons except the Ξcc are not observed
yet in experiments, the theoretical values Ωcc = 3730.4
MeV, Ξbb = 10093.0 MeV, and Ωbb = 10193.0 MeV in
Table III are used. In Ref. [99], the similar theoretical
values of Ωcc, Ξbb, and Ωbb are obtained by a confining,
symmetry-preserving regularization of a vector × vector
contact interaction.
From Table VI, it is obvious that the pentaquark
masses will change when one adopts different reference
systems, which indicates that the estimation method
with Eq. (4) should be further improved. If the adopted
model can reproduce all the hadron masses accurately,
different reference thresholds should lead to the same re-
sult.
Table VI shows us that the obtained nnccc¯ (nnccb¯)
masses with the reference threshold ΣcJ/ψ (ΣcBc) are
lower than those with ΞccD¯ (ΞccB). This feature is
consistent with our anticipation since ∆Σc + ∆J/ψ >
∆Ξcc+∆D and ∆Σc+∆Bc > ∆Ξcc+∆B from Table V. At
present, it is not clear which type threshold gives more
reasonable masses. For a pentaquark, the effective at-
traction is probably not strong and maybe a higher mass
would be more reasonable [88]. However, the choice of
reference scale does not affect the mass splittings.
In showing the spectra in the figure form, we use the
higher pentaquark masses although relevant estimations
rely on the masses of the not-yet-observed QQq states.
The diagrams of Figs. 2 and 3 illustrate relative po-
sitions of the nnccc¯, nnbbb¯, nnbbc¯, nnccb¯, ssccc¯, ssbbb¯,
ssbbc¯, and ssccb¯ states in order. The selected masses are
obtained with the reference systems ΞccD¯, ΞbbB, ΣbB
−
c ,
ΞccB, ΩccD
−
s , ΩbbB
0
s , ΩbB
−
c , and ΩccB
0
s , respectively.
The thresholds for relevant rearrangement decay patterns
are also displayed.
For the nnccc¯ system, the I = 0 states have gener-
ally lower masses than the I = 1 states. The quantum
numbers for both the lowest and the highest states are
JP = 1/2
−
. From the diagrams (b), (c), and (d) of Fig.
2, one sees similar features for the nnbbb¯, nnbbc¯, and
nnccb¯ systems.
As for the stability of the pentaquark states, their dom-
inant decay modes should be related with the rearrange-
ment mechanism. Now we move on to such decays. One
has to consider the constraints from the angular momen-
tum conservation, isospin conservation, parity conserva-
tion, and so on when discussing allowed decay channels.
For convenience, we have marked the spin and isospin of
the baryon-meson channels in the superscripts and sub-
scripts of their symbols in Fig. 2, respectively. For the
ssccQ¯ and ssbbQ¯ states, only one isospin is possible and
no label is given explicitly. Of course, whether the de-
cay can happen or not is also kinematically constrained
by the pentaquark mass which depends on models. In
the following discussions, we assume that the obtained
masses shown in the figures are all reasonable.
For the nnccc¯ states, they look like excited nnc
baryons. Because only orbital or radial excitation en-
ergy cannot explain their high masses, the states once ob-
served are good candidates of compact nnccc¯ pentaquark
states or hadronic molecules. To distinguish these two
configurations, decay properties would be helpful. We
here just discuss relevant rearrangement decay patterns.
In the case of I(JP ) = 1(5/2
−
), the possible S-wave
decay channels are Σ∗cJ/ψ and Ξ
∗
ccD¯
∗. In the case of
I(JP ) = 0(5/2
−
), the possible S-wave decay channel is
only Ξ∗ccD¯
∗. The I(JP ) = 0(5/2−) isoscalar pentaquark
is a candidate of stable state. We mark it in Fig. 2(a)
with a dagger. In the case of I(JP ) = 1(3/2
−
), the pos-
sible S-wave channels are Ξ∗ccD¯
∗, ΞccD¯∗, Σ∗cJ/ψ, Ξ
∗
ccD¯,
ΣcJ/ψ, and Σ
∗
cηc. In the case of I(J
P ) = 0(3/2
−
), the
possible S-wave channels are Ξ∗ccD¯
∗, ΞccD¯∗ and ΛcJ/ψ.
In the case of I(JP ) = 1(1/2
−
), the possible S-wave chan-
nels are Ξ∗ccD¯
∗, ΞccD¯∗, Σ∗cJ/ψ, ΣcJ/ψ, ΞccD¯, and Σcηc.
In the case of I(JP ) = 0(1/2
−
), the possible S-wave chan-
nels are Ξ∗ccD¯
∗, ΞccD¯∗, ΞccD¯, Ξ∗ccD¯, ΛcJ/ψ, and Λcηc.
The observation of any one of the mentioned decay pat-
terns could provide hints for the existence of a nnccc¯
pentaquark state. Because the lowest I(JP ) = 0(1/2)−
state is much lower than the ΞccD¯ threshold, if an ob-
served state in Λcηc (or ΛcJ/ψ) is around 5.4 GeV, this
state would be more likely to be a compact pentaquark
than a ΞccD¯ molecule. If the spin of the observed Ξcc by
LHCb is 3/2, Ξcc → Ξ∗cc and the estimated pentaquark
masses will be reduced by 64 MeV. The stability of the
pentaquark states is not affected.
7TABLE VI: The estimated masses for the nnQQQ¯ (I = 1, 0) and ssQQQ¯ systems in units of MeV. The values in the second
column in each case are eigenvalues of the CMI Hamiltonian and those after this column are determined with the relevant
reference systems.
nnccc¯(I = 1) nnccb¯(I = 1) nnbbc¯(I = 1)
Jp Eigenvalue (ΣcJ/ψ) (ΞccD¯) J
p Eigenvalue (ΣcB
+
c ) (ΞccB) J
p Eigenvalue (ΣbB
−
c ) (ΞbbD¯)
5
2
−
100.5 5616.7 5732.7 5
2
−
82.9 8858.4 9051.1 5
2
−
84.0 12188.0 12163.0
3
2
−

117.3
81.2
56.9
−43.0


5633.5
5597.4
5573.2
5473.2


5744.1
5708.0
5683.8
5583.8

3
2
−

105.1
84.1
36.1
13.6


8880.5
8859.5
8811.6
8789.1


9073.2
9052.2
9004.3
8981.8

3
2
−

115.1
71.1
49.2
−33.0


12219.1
12175.1
12153.2
12071.0


12194.1
12150.4
12128.1
12046.0

1
2
−

182.8
104.4
3.9
−62.7


5699.1
5620.6
5520.1
5453.5


5815.0
5736.5
5636.0
5569.5

1
2
−

146.6
75.8
27.3
−21.3


8922.1
8851.3
8802.8
8754.1


9114.8
9044.0
8995.5
8946.8

1
2
−

139.6
96.9
28.0
−32.5


12243.6
12200.9
12132.0
12081.5


12218.6
12175.9
12106.9
12046.5

nnbbb¯(I = 1) ssccc¯ ssccb¯
Jp Eigenvalue (ΣbΥ) (ΞbbB) J
p Eigenvalue (ΩcJ/ψ) (ΩccD
−
s ) J
p Eigenvalue (ΩcB
+
c ) (ΩccB
0
s )
5
2
−
70.7 15291.6 15485.6 5
2
−
70.9 5868.6 5919.2 5
2
−
53.9 9110.8 9230.4
3
2
−

83.9
68.7
57.7
12.6


15304.8
15289.7
15278.1
15233.5


15498.9
15483.7
15472.2
15427.5

3
2
−

77.2
56.2
14.6
−78.4


5874.9
5853.9
5812.3
5719.3


5925.5
5904.5
5862.9
5769.9

3
2
−

76.1
48.4
−6.4
−22.9


9133.1
9105.4
9050.6
9034.1


9252.6
9224.9
9170.1
9153.6

1
2
−

107.8
79.8
37.5
6.8


15328.8
15300.8
15258.5
15227.7


15522.8
15494.8
15452.5
15421.8

1
2
−

154.5
64.9
−33.8
−106.4


5952.2
5862.6
5763.9
5691.3


6002.8
5913.2
5814.5
5741.9

1
2
−

120.1
35.4
−12.6
−63.7


9177.1
9092.4
9044.4
8993.2


9296.9
9211.9
9163.9
9112.8

ssbbc¯ ssbbb¯ nnccc¯(I = 0)
Jp Eigenvalue (ΩbB
−
c ) (ΩbbD
−
s ) J
p Eigenvalue (ΩbΥ) (ΩbbB
0
s ) J
p Eigenvalue (ΣcJ/ψ) (ΞccD¯)
5
2
−
52.0 12421.8 12328.5 5
2
−
39.2 15525.9 15643.9 5
2
−
48.5 5564.7 5680.7
3
2
−

73.6
40.0
14.9
−68.9


12443.4
12409.8
12384.7
12300.8


12350.1
12316.5
12291.4
12207.6

3
2
−

45.7
29.6
25.8
−22.3


15532.4
15516.3
15512.5
15464.4


15650.4
15634.3
15630.5
15582.4

3
2
−

36.5
−68.8
−161.0


5552.7
5447.4
5355.2


5668.7
5563.4
5471.2

1
2
−

97.6
63.9
−3.8
−67.7


12467.3
12433.7
12366.0
12302.1


12374.1
12340.4
12272.7
12208.8

1
2
−

68.6
44.8
2.0
−25.3


15555.3
15531.5
15488.7
15461.4


15673.3
15649.5
15606.7
15579.4

1
2
−

12.8
−71.0
−124.3
−267.2


5529.0
5445.2
5391.9
5249.0


5644.9
5561.2
5507.9
5364.9

nnccb¯(I = 0) nnbbc¯(I = 0) nnbbb¯(I = 0)
Jp Eigenvalue (ΣcB
+
c ) (ΞccB) J
p Eigenvalue (ΣbB
−
c ) (ΞbbD¯) J
p Eigenvalue (ΣbΥ) (ΞbbB)
5
2
−
20.5 8796.0 8988.7 5
2
−
29.2 12133.2 12108.2 5
2
−
-0.9 15220.0 15414.0
3
2
−

11.5
−45.4
−136.7


8787.0
8730.0
8638.8


8979.7
8922.7
8831.5
 32−

25.3
−57.5
−181.1


12129.3
12046.3
11922.9


12104.3
12021.4
11897.8
 32−

−3.2
−43.2
−137.8


15217.8
15177.7
15083.1


15411.8
15371.7
15277.1

1
2
−

−19.4
−71.0
−121.9
−198.8


8756.1
8704.4
8653.6
8576.7


8948.9
8897.2
8846.3
8769.4

1
2
−

19.6
−63.6
−134.1
−227.7


12123.6
12040.4
11939.9
11876.3


12098.6
12015.4
11944.9
11851.3

1
2
−

−11.1
−55.7
−122.1
−184.6


15209.8
15165.2
15098.9
15036.4


15403.8
15359.3
15292.9
15230.4

8* 3 2,1 2
1,0( )cc DΞ
1 2
1,0( )cc DΞ
1 2
1( )c cηΣ
1 2
0( )c cηΛ1
2
− 3
2
− 5
2
−
3 2*
1( )c cηΣ
5732.7
5744.1
5708.0
5683.8
5583.8
5815.0
5736.5
5636.0
5569.5
5668.7
5563.4
5471.2
5644.9
5561.2
5507.9
5364.9
3 2*( )1,0DccΞ
* 5 2,3 2,1 2*( )1,0DccΞ
5 2,3 2,1 2*( )1Jc ψΣ
3 2,1 2( )0Jc ψΛ
3 2,1 2( )1Jc ψΣ
†5680.7
5
2
−3
2
−1
2
−
1 2
0( )b bηΛ
1 2
1( )b bηΣ
3 2*
1( )b bηΣ
5 2,3 2,1 2*
1( )bΣ ϒ
3 2,1 2
1( )bΣ ϒ
3 2,1 2
0( )bΛ ϒ
15485.6
15498.6
15483.7
15472.2
15427.5
15522.8
15494.8
15452.5
15421.8
15411.8
15371.7
15277.1
15403.8
15359.3
15292.9
15230.4
5 2,3 2,1 2* *( )1,0BbbΞ
3 2,1 2*( )1,0BbbΞ
3 2*( )1,0BbbΞ
1 2( )1,0BbbΞ
†15414.0
(a) I = 1 (solid) and (I = 0) (dashed) nnccc¯ states (b) I = 1 (solid) and I = 0 (dashed) nnbbb¯ states
1
2
− 3
2
− 5
2
−
1 2
0( )b cBΛ
1 2
1( )b cBΣ
3 2*
1( )b cBΣ
12219.1
12175.1
12153.2
12243.6
12200.9
12132.0
12123.6
12040.4
11939.9 †11922.9
†11876.3
3 2,1 2*( )0Bb cΛ
1 2( )1,0DbbΞ
3 2,1 2*( )1,0DbbΞ
12046.3
12071.012081.5
* 3 2,1 2( )1,0DbbΞ
* 5 2,3 2,1 2*( )1,0DbbΞ
12129.3
12133.2
12188.0
3 2,1 2*( )1Bb cΣ
5 2,3 2,1 2* *( )1Bb cΣ
3 2*
1( )c cBΣ
1 2
1( )c cBΣ
1 2
0( )c cBΛ
1 2
1,0( )ccBΞ
3 2,1 2*
1,0( )ccBΞ
5
2
−3
2
−1
2
−
9073.2
9052.2
9004.3
8981.8
9114.8
9044.0
8946.8
8979.7
8948.9
8897.2
8846.3
8769.4
†8988.7
3 2,1 2*( )0Bc cΛ
3 2,1 2*( )1Bc cΣ
8922.7
8831.5
5 2,3 2,1 2* *( )1Bc cΣ
9051.1
5 2,3 2,1 2* *( )1,0BccΞ
3 2*( )1,0BccΞ
8995.5
(c) (I = 1) (solid) and (I = 0) (dashed) nnbbc¯ states (d) I = 1 (solid) and I = 0 (dashed) nnccb¯ states
FIG. 2: Relative positions (units: MeV) for the nnccc¯, nnbbb¯, nnbbc¯ and nnccb¯ pentaquark states. The dotted lines indicate
various baryon-meson thresholds. When the isospin (spin) of an initial pentaquark state is equal to a number in the subscript
(superscript) of a baryon-meson state, its decay into that baryon-meson channel through S-wave is allowed by the isospin
(angular momentum) conservation. We have adopted the masses estimated with the reference thresholds of (a) ΞccD¯, (b)
ΞbbB, (c) ΣbB
−
c and (d) ΞccB. The relatively stable states judged with the observed hadrons have been marked with a dagger.
9* 3 2( )c cηΩ
1 2( )c cηΩ
1
2
− 3
2
− 5
2
−
5919.25925.5
5904.5
5862.9
5769.9
6002.8
5913.2
5814.5
5741.9
* * 5 2,3 2,1 2( )Dcc sΩ
* 3 2,1 2( )Dcc sΩ
1 2( )Dcc sΩ
* 3 2( )Dcc sΩ
3 2,1 2( )Jc ψΩ
* 5 2,3 2,1 2( )Jc ψΩ
1 2( )b bηΩ
3 2,1 2( )bΩ ϒ
5
2
−3
2
−1
2
−
15643.9
15650.4
15630.5
15582.4
15673.3
15634.3
15649.5
15606.7
15579.4
* * 5 2,3 2,1 2( )Bbb sΩ
* 3 2,1 2( )Bbb sΩ
* 3 2( )Bbb sΩ
1 2( )Bbb sΩ
* 5 2,3 2,1 2( )bΩ ϒ
* 3 2( )b bηΩ
(a) ssccc¯ states (b) ssbbb¯ states
1 2( )b cBΩ
1
2
− 3
2
− 5
2
−
12366.0
12433.7
12467.3
* * 5 2,3 2,1 2( )Bb cΩ
* 3 2,1 2( )Bb cΩ
* 3 2( )Bb cΩ
* * 5 2,3 2,1 2( )Dbb sΩ
* 3 2,1 2( )Dbb sΩ
1 2( )Dbb sΩ
* 3 2,1 2( )Dbb sΩ
12421.8
12443.4
12409.8
12384.7
12300.8
12302.1
1 2( )c cBΩ
* 3 2( )c cBΩ
5
2
−3
2
−1
2
−
9230.4
9252.6
9224.9
9170.1
9153.6
9296.9
9211.9
9163.9
9112.8
* 3 2( )Bcc sΩ
* * 5 2,3 2,1 2( )Bcc sΩ
* 3 2,1 2( )Bcc sΩ
1 2( )Bcc sΩ
* * 5 2,3 2,1 2( )Bc cΩ
* 3 2,1 2( )Bc cΩ
(c) ssbbc¯ states (d) ssccb¯ states
FIG. 3: Relative positions (units: MeV) for the ssccc¯, ssbbb¯, ssbbc¯, and ssccb¯ pentaquark states. The dotted lines indicate
various baryon-meson thresholds. When the spin of an initial pentaquark state is equal to a number in the superscript of a
baryon-meson state, its decay into that baryon-meson channel through S-wave is allowed by the angular momentum conservation.
We have adopted the masses estimated with the reference thresholds of (a) ΩccD
−
s , (b) ΩbbB
0
s , (c) ΩbB
−
c , and (d) ΩccB
0
s .
For the nnbbc¯ states shown in Fig. 2(c), they are ex-
plicitly exotic. Since the nbb states and the excited B∗c
have not yet been observed in experiments, we use the
theoretical masses of B∗c , Ξbb, and Ξ
∗
bb in Table III to
check the pentaquark stability. Now, it is easy to see
that the lowest-lying states with I(JP ) = 0(1/2
−
) and
I(JP ) = 0(3/2
−
) are both stable. The situation for the
nnccb¯ (nnbbb¯) states can be analyzed similar to the nnccc¯
(nnbbc¯) case, but now all of them are explicitly (implic-
itly) exotic.
For the ssccc¯, ssbbb¯, ssccb¯, and ssbbc¯ states, their prop-
erties are similar to those of nnccQ¯ (I = 1) and nnbbQ¯
(I = 1). Here, we also use the theoretical masses of B∗c ,
Ωcc, Ω
∗
cc, Ωbb, and Ω
∗
bb to discuss the possible decay chan-
nels. In the ssccc¯ case shown in Fig. 3(a), any possible
pentaquark is above their allowed rearrangement decay
channels and thus there is no stable state. One does not
find stable states in the ssbbb¯ and ssccb¯ cases, either.
In the ssbbc¯ system, the lowest-lying (JP ) = (3/2
−
) pen-
taquark is slightly above its decay channel Ω∗bbD
−
s . Prob-
ably it is not a broad state.
C. The nnbcQ¯ and sscbQ¯ pentaquark states
All these nnbcQ¯ and ssbcQ¯ states are implicitly ex-
otic. To estimate their masses, we can use three types
of reference systems, (qqc)-(bQ¯), (qqb)-(cQ¯), and (qbc)-
(qQ¯). We present the obtained masses in Table VII and
Table VIII for the nnbcQ¯ and ssbcQ¯ states, respectively,
where the theoretical masses MΞbc = 6820.0 MeV and
MΩbc = 6920.0 MeV given in Table III are adopted. From
the tables, the results with these three types of reference
systems are slightly different.
In Fig. 4, we plot the relative positions for the nnbcQ¯
and ssbcQ¯ pentaquark states. The masses we use are
obtained with the reference thresholds of ΣbJ/ψ, ΞbcB,
ΩbJ/ψ, and ΩbcBs channels for the nnbcc¯, nnbcb¯, ssbcc¯,
and ssbcb¯ states, respectively. From the figure, 16 rear-
rangement decay channels are involved for the nnbcc¯ and
nncbb¯ states and 12 channels are involved for the ssbcc¯
and sscbb¯ states.
We first check possible stable pentaquarks in the nnbcc¯
case. The lowest JP = 1/2− and JP = 3/2− states
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TABLE VII: The estimated masses for the nnbcQ¯ (I = 1, 0) systems in units of MeV. The values in the second column in each
case are eigenvalues of the CMI Hamiltonian and those after this column are determined with the relevant reference systems.
nnbcc¯(I = 1) nncbb¯(I = 1)
Jp Eigenvalue (ΣcB
−
c ) (ΣbJ/ψ) (ΞbcD¯) J
p Eigenvalue (ΣcΥ) (ΣbB
+
c ) (ΞbcB)
5
2
−
91.3
83.3

8866.8
8858.8

8936.1
8928.0

8911.2
8903.1
 52−
85.9
71.3

11978.3
11963.7

12189.9
12175.3

12241.8
12227.2

3
2
−

118.8
95.2
71.2
63.2
33.1
−2.7
−54.1


8894.3
8870.7
8846.7
8838.7
8808.6
8772.8
8721.4


8963.6
8940.0
8915.9
8907.9
8877.8
8842.0
8790.7


8938.7
8915.1
8891.0
8883.0
8852.9
8817.1
8765.8

3
2
−

94.1
82.9
70.4
52.2
26.2
17.9
−6.2


11986.5
11975.4
11962.8
11944.6
11918.6
11910.3
11886.2


12198.1
12187.0
12174.4
12156.2
12130.2
12121.9
12097.8


12249.9
12238.8
12226.3
12208.0
12182.0
12173.8
12149.6

1
2
−

160.0
121.5
93.7
51.9
20.6
1.2
−50.0
−100.3


8935.5
8897.0
8869.2
8827.4
8796.1
8776.7
8725.5
8675.2


9004.8
8966.3
8938.4
8896.6
8865.3
8845.9
8794.7
8744.4


8979.9
8941.4
8913.5
8871.7
8840.4
8821.0
8769.8
8719.5

1
2
−

125.6
93.8
66.0
53.4
34.5
17.0
−8.3
−57.0


12018.0
11986.2
11958.4
11945.8
11926.9
11909.5
11884.1
11835.5


12229.6
12197.8
12170.0
12157.4
12138.5
12121.0
12095.7
12047.0


12281.4
12249.6
12221.8
12209.2
12190.3
12172.9
12147.5
12098.9

nnbcc¯(I = 0) nncbb¯(I = 0)
Jp Eigenvalue (ΣcB
−
c ) (ΣbJ/ψ) (ΞbcD¯) J
p Eigenvalue (ΣcΥ) (ΣbB
+
c ) (ΞbcB)
5
2
−
37.4 8812.9 8882.1 8857.2 5
2
−
8.3 11900.7 12112.3 12164.2
3
2
−

29.5
6.0
−65.4
−121.9
−173.1


8805.0
8781.5
8710.1
8653.6
8602.3


8874.3
8850.8
8779.4
8722.9
8671.6


8849.4
8825.9
8754.5
8698.0
8646.7

3
2
−

2.6
−21.7
−49.2
−131.1
−138.1


11895.0
11870.7
11843.2
11761.3
11754.3


12106.6
12082.3
12054.8
11972.9
11965.9


12158.4
12134.1
12106.6
12024.8
12017.7

1
2
−

14.9
−66.1
−79.2
−129.0
−174.6
−229.8
−270.8


8790.4
8709.3
8696.3
8646.5
8600.9
8545.7
8504.7


8859.6
8778.6
8765.5
8715.7
8670.2
8614.9
8574.0


8834.7
8753.7
8740.6
8690.8
8645.3
8590.0
8549.1

3
2
−

−16.1
−62.1
−66.8
−123.4
−146.5
−190.8
−216.1


11876.3
11830.3
11825.6
11769.0
11745.9
11701.6
11676.3


12087.9
12041.9
12037.2
11980.6
11957.5
11913.2
11887.9


12139.8
12093.8
12089.0
12032.5
12009.3
11965.4
11939.7

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TABLE VIII: The estimated masses for the ssbcQ¯ systems in units of MeV. The values in the second column in each case are
eigenvalues of the CMI Hamiltonian and those after this column are determined with the relevant reference systems.
ssbcc¯ sscbb¯
Jp Eigenvalue (ΩcB
−
c ) (ΩbJ/ψ) (ΩbcDs) J
p Eigenvalue (ΩcΥ) (ΩbB
+
c ) (ΩbcBs)
5
2
−
62.5
51.9

9119.5
9108.9

9173.0
9162.4

9085.2
9074.6
 52−
58.4
38.9

12232.3
12212.8

12428.2
12408.7

12439.7
12420.2

3
2
−

84.9
58.4
38.0
33.9
−6.0
−31.3
−91.2


9141.9
9115.4
9095.0
9090.9
9051.0
9025.7
8965.7


9195.4
9168.9
9148.5
9144.4
9104.5
9079.2
9019.3


9107.6
9081.1
9060.7
9056.6
9016.7
8991.4
8931.4

3
2
−

63.5
50.3
34.2
18.3
−7.4
−16.7
−42.7


12237.4
12224.2
12208.1
12192.2
12166.5
12157.2
12131.2


12433.3
12420.1
12404.0
12388.1
12362.4
12353.0
12327.1


12444.8
12431.6
12415.5
12399.6
12373.9
12364.5
12338.6

1
2
−

125.0
94.5
52.1
11.7
−8.9
−39.2
−90.1
−138.0


9182.0
9147.4
9109.1
9068.9
9048.0
9017.8
8966.9
8919.0


9235.6
9201.0
9162.6
9122.2
9101.6
9071.3
9020.4
8972.5


9147.7
9113.1
9074.8
9034.4
9013.7
8983.5
8932.6
8884.7

1
2
−

92.9
63.9
23.5
21.5
−6.6
−24.6
−45.5
−96.2


12266.8
12237.8
12197.4
12195.4
12167.3
12149.3
12128.4
12077.7


12462.6
12433.7
12393.3
12391.3
12363.1
12345.2
12324.3
12273.6


12474.1
12445.2
12404.8
12402.8
12374.6
12356.7
12335.8
12285.1

12
1
2
− 3
2
− 5
2
−
1 2
0( )b cηΛ
1 2
0( )c cBΛ
1 2
1( )b cηΣ
3 2*
1( )b cηΣ
3 2*
1( )c cBΣ
1 2
1( )c cBΣ
8936.1
8928.0
8963.6
8940.0
8915.9
8907.9
8877.8
8842.0
8790.7
9004.8
8966.3
8938.4
8896.6
8865.3
8845.9
8794.7
8744.4
8874.3
8850.8
8779.4
8722.9
8671.6
8859.6
8778.6
8765.5
8715.7
8670.2
8614.9
8574.0
1 2( )1,0DsbcΞ
3 2*( )1,0DsbcΞ
* 3 2,1 2( )1,0DsbcΞ
5 2,3 2,1 2* *( )1Bc cΣ
* 5 2,3 2,1 2*( )1,0DsbcΞ
†8882.1
5 2,3 2,1 2*( )1Jb ψΣ
3 2,1 2( )1Jb ψΣ
3 2,1 2( )0Jb ψΛ
3 2,1 2*( )0Bc cΛ
3 2,1 2*( )1Bc cΣ
3 2*
1( )b cBΣ
1 2
1( )b cBΣ
5 2,3 2,1 2*
1( )cΣ ϒ
3 2,1 2
1( )cΣ ϒ
1 2
1( )c bηΣ
3 2*
1( )c bηΣ
1 2
0( )b cBΛ
1 2
0( )c bηΛ
3 2,1 2
0( )cΛ ϒ
1
2
− 3
2
− 5
2
−
12241.8
12227.2
12249.9
12238.8
12226.3
12208.0
12182.0
12173.8
12149.6
12281.4
12249.6
12221.8
12209.2
12190.3
12172.9
12147.5
12098.9
12158.4
12134.1
12106.6
12024.8
12017.7
12139.8
12093.8
12089.0
12032.5
12009.3
11965.4
11939.7
1 2( )1,0Bbc sΞ
3 2,1 2*( )1,0Bbc sΞ
5 2,3 2,1 2* *( )1,0Bbc sΞ
3 2*( )1,0Bbc sΞ
5 2,3 2,1 2* *( )1Bb cΣ
3 2,1 2*( )1Bb cΣ
3 2,1 2*( )0Bb cΛ
†12164.2
(a) I = 1 (solid) and (I = 0) (dashed) nnbcc¯ states (b) I = 1 (solid) and I = 0 (dashed) nncbb¯ states
1 2( )b cηΩ
1 2( )c cBΩ
* 3 2( )c cBΩ
1
2
− 3
2
− 5
2
−
9104.5
9079.2
9173.0
9162.4
9195.4
9168.9
9148.5
9144.4
9019.3
9235.6
9201.0
9162.6
9122.2
9101.6
9071.3
9020.4
8972.5
1 2( )Dbc sΩ
* 3 2( )Dbc sΩ
* 3 2,1 2( )Bc cΩ
* 3 2,1 2( )Dbc sΩ
* * 5 2,3 2,1 2( )Bc cΩ
* * 5 2,3 2,1 2( )Dbc sΩ
* 3 2( )b cηΩ
3 2,1 2( )Jb ψΩ
* 5 2,3 2,1 2( )Jb ψΩ
1 2( )b cBΩ
1 2( )c bηΩ
* 3 2( )c bηΩ
* 5 2,3 2,1 2( )cΩ ϒ
3 2,1 2( )cΩ ϒ
5
2
−3
2
−1
2
−
12439.7
12420.2
12444.8
12431.6
12415.5
12399.6
12373.9
12364.5
12338.6
12474.1
12445.2
12404.8
12356.7
12335.8
12285.1
12374.6
12402.8
1 2( )Bbc sΩ
* 3 2,1 2( )Bbc sΩ
* * 5 2,3 2,1 2( )Bbc sΩ
* 3 2( )Bbc sΩ
* 3 2( )Bb cΩ
* * 5 2,3 2,1 2( )Bb cΩ
* 3 2,1 2( )Bb cΩ
(c) ssbcc¯ states (d) sscbb¯ states
FIG. 4: Relative positions (units: MeV) for the nnbcc¯, nncbb¯, ssbcc¯, and sscbb¯ pentaquark states. The dotted lines indicate
various baryon-meson thresholds. When the isospin (spin) of an initial pentaquark state is equal to a number in the subscript
(superscript) of a baryon-meson state, its decay into that baryon-meson channel through S-wave is allowed by the isospin
(angular momentum) conservation. We have adopted the masses estimated with the reference thresholds of (a) ΣbJ/ψ, (b)
ΞbcB, (c) ΩbJ/ψ, and (d) ΩbcBs. The relatively stable states judged with the observed hadrons have been marked with a
dagger.
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both have rearrangement decay channels and should not
be very narrow. On the contrary, the lowest I(JP ) =
0(5/2)− state is below the possible decay channel Ξ∗cbD¯
∗
s
and it is considered a relative state. Similarly, Fig. 4 (b)
tells us that the only possible stable nncbb¯ pentaquark
has the quantum numbers I(JP ) = 0(5/2−) if the mass
of Ξ∗bc is larger than 6870 MeV. Lastly, it seems that there
is no stable ssbcc¯ or sscbb¯ pentaquark state according to
the diagrams (c) and (d) of Fig. 4. Here, the possible
stable pentaquarks in Fig. 4 have been marked with a
dagger.
D. The nsccQ¯ and nsbbQ¯ pentaquark states
For the nsccQ¯ and nsbbQ¯ states, there are also three
types of reference systems we can use to estimate the
masses, (nsQ)-(QQ¯), (nQQ)-(sQ¯), and (sQQ)-(nQ¯). For
example, we estimate the nsccc¯ masses with the thresh-
olds of Ξ′cJ/ψ, ΞccD
−
s , and ΩccD¯ channels. Similarly, we
use the reference systems of Ξ′bB
−
c , ΞbbD
−
s , and ΩbbD¯ to
estimate the nsbbc¯ masses. In doing so, we adopt five
theoretical masses, MΩcc = 3730.4 MeV, MΩbc = 6920.0
MeV, MΩbb = 10193.0 MeV, MΞbb = 10093.0 MeV, and
MΞbc = 6820.0 MeV given in Table III. The numerical re-
sults for the nsccQ¯ and nsbbQ¯ systems are presented in
Table IX. In the diagrams (a), (b), (c), and (d) of Fig. 5,
we show the relative positions for the nsccc¯, nsbbb¯, nsbbc¯,
and nsccb¯ states, respectively. The adopted masses are
obtained with the ΩccD¯, ΩccB, ΩbbD¯, and ΩbbB thresh-
olds.
Of these states, the nsccb¯ and nsbbc¯ pentaquarks are
explicitly exotic. The observation of such a state in future
measurements will be an important finding, in particu-
lar when the state is narrow. From Table IX, the nsccc¯
pentaquark masses estimated with the (nsQ)-(QQ¯) type
reference systems are lower than those with other type
thresholds. Such states are easy to be identified as five-
quark states because of their high masses, although they
are implicitly exotic. The situation is different from the
nsccn¯ or nsccs¯ states studied in Ref. [88]. It is not easy
to distinguish such a pentaquark state from a 3q baryon
once it is observed.
From Fig. 5 and the rough values of the doubly heavy
3q baryons in Table III, it seems that no stable pen-
taquark states exist in the nsccc¯, nsbbb¯, and nsccb¯ sys-
tems. However, according to the diagram (c) of Fig. 5,
the lowest JP = 1/2
−
, JP = 3/2
−
, and JP = 5/2
−
states are below any possible rearrangement decay chan-
nels and they are possibly stable. Of course, if its mass
is underestimated, they may also decay into ΞbbD
−
s (and
probably ΩbbD¯), Ω
∗
bbD¯, and Ω
∗
bbD¯
∗, respectively.
E. The nsbcQ¯ pentaquark states
The nsbcQ¯ states are implicitly exotic. Their wave
functions are not constrained from the Pauli principle.
The number of wave function bases for a pentaquark
with given quantum numbers is bigger than that for
other states. After diagonalizing the Hamiltonian, one
gets numbers of possible pentaquark states. To estimate
the nsbcc¯ (nscbb¯) masses, we use four different types of
reference systems, Ξ′cB
−
c (ΞcΥ), Ξ
′
bJ/ψ (Ξ
′
bB
+
c ), ΞbcD
−
s
(ΞbcB
0
s ), and ΩbcD¯ (ΩbcB). The numerical results are
presented in Table X where we use two theoretical values
of masses, MΩbc = 6920.0 MeV and MΞbc = 6820.0 MeV
given in Table III.
The spectra for the nsbcQ¯ pentaquark states with the
Ξ′bJ/ψ or ΩbcB threshold are shown in Fig. 6. From
the figure and the masses given in Table III, it is diffi-
cult to find stable pentaquarks in these systems. Only
the lowest nsbcc¯ pentaquark is slightly above the ΞcB
−
c
threshold and is possibly a state without broad width.
Of course, the nsbcc¯ states can be searched for in the
ΞcB
−
c or Ξbηc channel in future experiments. If such a
state could be observed, its exotic nature can be easily
identified, a situation different from the nsbcq¯ case [88].
V. DISCUSSIONS AND SUMMARY
Recently, the observation of the Pc(4312), Pc(4440)
and Pc(4457) at LHCb [28] gave us significant evidence
for the existence of pentaquak states, which motivates
us to study the ground compact qqQQQ¯ (q = u, d, s
and Q = b, c) pentaquark states within the CMI model.
In the considered pentaquark systems, the qqbbc¯, qqccb¯
states are explicitly exotic and are easy to be identified.
Other states can also be easily identified as exotic baryons
because their large masses could not be understood with-
out an excited QQ¯ pair.
In this work, we have firstly constructed the flavor-
color-spin wave functions for the qqQQQ¯ pentaquark
states from the SU(3) and SU(2) symmetries and Pauli
Principle. We extract the effective coupling constants
from the mass splittings between conventional hadrons.
Based on these, we systematically calculate the color-
magnetic interaction for these pentaquark states and ob-
tain the corresponding mass gaps. Then, various refer-
ence thresholds are used to estimate the masses of these
states. Some theoretical results for the masses of the dou-
bly heavy 3q baryons are adopted in our estimation. At
last, we analyze the stability and possible rearrangement
decay channels of the qqQQQ¯ pentaquark states.
We have shown the mass spectra and rearrangement
decay patterns in the figure form. Following Figs. 2,
3, 4, 5, and 6, we can see ten stable states are possible
which are also collected in Table. XI. However, not all
of them are really stable states. The reason is that the
predicted pentaquarks in the current model may have
mass deviations from the case they should be.
As a general feature, the high spin JP = (5/2)− pen-
taquark states should be usually narrow since they have
many D-wave decay modes but one or two S-wave decay
modes. This feature is similar to the Q¯Qqqq and QQqqq¯
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TABLE IX: The estimated masses for the nsccQ¯ and nsbbQ¯ systems in units of MeV. The values in the second column in each
case are eigenvalues of the CMI Hamiltonian and those after this column are determined with the relevant reference systems.
nsccc¯ nsccb¯
Jp Eigenvalue (Ξ
′
cJ/ψ) (ΞccD
−
s ) (ΩccD¯) J
p Eigenvalue (Ξ
′
cB
+
c ) (ΞccB
0
s ) (ΩccB)
5
2
−
85.8
59.0

5746.2
5719.4

5816.6
5789.8

5835.5
5808.7
 52−
68.3
31.8

8988.0
8951.5

9127.3
9090.8

9154.1
9117.5

3
2
−

97.1
68.7
49.7
35.9
−52.1
−61.1
−127.1


5757.5
5729.1
5710.1
5696.3
5608.3
5599.3
5533.3


5827.9
5799.4
5780.5
5766.7
5678.7
5669.7
5603.7


5846.8
5818.4
5799.4
5785.6
5697.6
5688.6
5622.6

3
2
−

90.1
66.3
23.7
14.9
−3.9
−37.9
−94.1


9009.8
8986.0
8943.4
8934.6
8915.8
8881.8
8825.5


9149.1
9125.3
9082.7
9073.9
9055.1
9021.1
8964.8


9175.8
9152.0
9109.4
9100.6
9081.8
9047.8
8991.6

1
2
−

168.3
85.0
27.4
−14.6
−48.2
−83.6
−86.7
−240.3


5828.7
5745.4
5687.8
5645.8
5612.2
5576.9
5573.7
5420.1


5899.1
5815.8
5758.2
5716.2
5682.6
5647.2
5644.1
5490.5


5918.0
5834.7
5777.1
5735.1
5701.5
5666.2
5663.0
5509.4

1
2
−

133.0
55.9
7.7
−3.8
−42.3
−57.8
−83.9
−163.4


9052.7
8975.5
8927.4
8915.9
8877.4
8861.9
8835.8
8756.3


9192.0
9114.8
9066.7
9055.2
9016.7
9001.2
8975.1
8895.6


9218.8
9141.6
9093.4
9081.9
9043.4
9027.9
9001.8
8922.3

nsbbc¯ nsbbb¯
Jp Eigenvalue (Ξ
′
bB
−
c ) (ΞbbD
−
s ) (ΩbbD¯) J
p Eigenvalue (Ξ
′
bΥ) (ΞbbB
0
s ) (ΩbbB)
5
2
−
67.9
36.9

12311.0
12280.0

12245.4
12214.4

12245.8
12214.8
 52−
54.8
7.4

15414.9
15367.5

15560.6
15513.2

15568.7
15521.3

3
2
−

94.0
55.4
34.2
31.9
−31.9
−51.0
−151.6


12337.2
12298.6
12277.3
12275.1
12211.3
12192.1
12091.6


12271.6
12233.0
12211.7
12209.5
12145.7
12126.5
12026.0


12271.9
12233.3
12212.1
12209.8
12146.0
12126.9
12026.3

3
2
−

63.9
49.5
41.5
5.9
−4.9
−34.6
−92.3


15424.0
15409.6
15401.6
15366.0
15355.2
15325.5
15267.8


15569.9
15555.3
15547.3
15511.7
15500.9
15471.1
15413.5


15577.8
15563.4
15555.4
15519.8
15509.0
15479.3
15421.6

1
2
−

118.3
80.3
28.6
12.0
−34.9
−50.1
−92.2
−194.3


12361.4
12323.5
12271.8
12255.1
12208.3
12193.0
12151.0
12048.9


12295.8
12257.9
12206.2
12189.5
12142.7
12127.4
12085.4
11983.3


12296.2
12258.2
12206.5
12189.9
12143.0
12127.8
12085.7
11983.6

1
2
−

87.7
62.3
19.8
−1.4
−9.2
−43.4
−76.9
−139.6


15447.8
15422.4
15379.9
15358.7
15350.9
15316.7
15283.2
15220.5


15593.4
15568.1
15525.5
15504.4
15496.5
15462.3
15428.9
15366.2


15601.6
15576.2
15533.7
15512.5
15504.7
15470.5
15437.0
15374.3

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1 2( )c cηΞ
' 1 2( )c cηΞ
* 3 2( )c cηΞ
1 2( )cc sDΞ
1
2
− 3
2
− 5
2
−
* 3 2,1 2( )cc sDΞ
5835.5
5808.7
5846.8
5818.4
5799.4
5785.6
5697.6
5688.6
5622.6
5918.0
5834.7
5777.1
5735.1
5701.5
5666.2
5663.0
5509.4
** 5 2,3 2,1 2( )DccΩ
* * 5 2,3 2,1 2( )Dcc sΞ
* 3 2,1 2( )DccΩ
1 2( )DccΩ
* 3 2( )Dcc sΞ
* 3 2( )DccΩ
* 5 2,3 2,1 2( )Jc ψΞ
' 3 2,1 2( )Jc ψΞ
3 2,1 2( )Jc ψΞ
* 5 2,3 2,1 2( )bΞ ϒ
' 3 2,1 2( )bΞ ϒ
3 2,1 2( )bΞ ϒ
1 2( )b bηΞ
' 1 2( )b bηΞ
* 3 2( )b bηΞ
5
2
−3
2
−1
2
−
15568.7
15521.3
15577.8
15563.4
15555.4
15519.8
15509.0
15479.3
15421.6
15601.6
15576.2
15533.7
15512.5
15504.7
15470.5
15437.0
15374.3
* * 5 2,3 2,1 2( )BbbΩ
* * 5 2,3 2,1 2( )Bbb sΞ
* 3 2,1 2( )BbbΩ
* 3 2,1 2( )Bbb sΞ
1 2( )BbbΩ
1 2( )Bbb sΞ
* 3 2( )Bbb sΞ
* 3 2( )BbbΩ
(a) nsccc¯ states (b) nsbbb¯ states
1 2( )b cBΞ
' 1 2( )b cBΞ
1
2
− 3
2
− 5
2
−
12245.8
12271.9
12233.3
12212.1
12209.8
12146.0
12126.9
12296.2
12258.2
12206.5
12189.9
12143.0
12127.8
12085.7
* 3 2,1 2( )DbbΩ
1 2( )DbbΩ
1 2( )Dbb sΞ
* 3 2,1 2( )DbbΩ
* 3 2,1 2( )Dbb sΞ
* * 5 2,3 2,1 2( )Bb cΞ
' * 3 2,1 2( )Bb cΞ
** 5 2,3 2,1 2( )DbbΩ
* 3 2( )Bb cΞ
* 3 2,1 2( )Dbb sΞ
* 3 2,1 2( )Bb cΞ
* * 5 2,3 2,1 2( )Dbb sΞ
†12214.8
†11983.6
†12026.3
* 3 2( )cc sBΞ
5
2
−3
2
−1
2
−
9154.1
9117.5
9175.8
9152.0
9109.4
9100.6
9081.8
9047.8
8991.6
9218.8
9141.6
9093.4
9081.9
9043.4
9027.9
9001.8
8922.3
* * 5 2,3 2,1 2( )BccΩ
* 3 2( )BccΩ
1 2( )BccΩ
* 3 2,1 2( )BccΩ
* 3 2( )Bcc sΞ
* * 5 2,3 2,1 2( )Bcc sΞ
1 2( )Bcc sΞ
* * 5 2,3 2,1 2( )Bc cΞ
' * 3 2,1 2( )Bc cΞ
* 3 2,1 2( )Bc cΞ
1 2( )Bc cΞ
' 1 2( )Bc cΞ
* 3 2( )Bc cΞ
(c) nsbbc¯ states (d) nsccb¯ states
FIG. 5: Relative positions (units: MeV) for the nsccc¯, nsbbb¯, nsbbc¯, and nsccb¯ pentaquark states. The dotted lines indicate
various baryon-meson thresholds. When the spin of an initial pentaquark state is equal to a number in the superscript of a
baryon-meson state, its decay into that baryon-meson channel through S-wave is allowed by the angular momentum conservation.
We have adopted the masses estimated with the reference thresholds of (a) ΩccD¯, (b) ΩbbB, (c) ΩbbD¯, and (d) ΩccB. The
relatively stable states judged with the observed hadrons have been marked with a dagger.
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TABLE X: The estimated masses for the nsbcQ¯ systems in units of MeV. The values in the second column in each case are
eigenvalues of the CMI Hamiltonian and those after this column are determined with the relevant reference systems.
nsbcc¯ nsbcb¯
Jp Eigenvalue (Ξ
′
cB
−
c ) (Ξ
′
bJ/ψ) (ΞbcD
−
s ) (ΩbcD¯) J
p Eigenvalue (Ξ
′
cΥ) (Ξ
′
bB
+
c ) (ΞbcB
0
s ) (ΩbcB)
5
2
−

76.7
67.7
46.5


8994.1
8985.1
8964.0


9060.6
9051.6
9030.4


9021.0
9012.0
8990.8


9031.1
9022.1
9001.0
 52−

72.0
55.0
18.1


12106.4
12089.4
12052.5


12315.2
12298.2
12261.3


12344.6
12327.6
12290.7


12362.5
12345.5
12308.6

3
2
−

101.1
77.2
54.6
48.5
40.3
16.4
13.6
−17.1
−45.3
−72.3
−75.7
−141.4


9018.6
8994.6
8972.1
8966.0
8957.8
8933.9
8931.1
8900.4
8872.2
8845.2
8841.8
8776.1


9085.1
9061.1
9038.5
9032.4
9024.2
9000.3
8997.5
8966.8
8938.7
8911.7
8908.2
8842.5


9045.5
9021.5
8998.9
8992.9
8984.6
8960.8
8958.0
8927.2
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
cases [86, 88]. Now, the narrow Q¯Qqqq pentaquark states
have been observed. It is also worthwhile to search for
the exotic narrow qqQQQ¯ pentaquark states in future
experiments.
In the study of the pentaquark states, the number of
color-spin structures may be more than ten. The mixing
or channel-coupling effects could be important. Such ef-
fects should be carefully considered in detail in further
studies.
In short summary, we have systematically studied the
exotic states with the structure qqQQQ¯ (q = u, d, s and
Q = c, b). They can be easily identified as explicitly ex-
otic or implicitly exotic pentaquark states once observed.
We hope the present study may stimulate further investi-
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1 2( )b cηΞ
1 2( )c cBΞ
' 1 2( )c cBΞ
* 3 2( )c cBΞ
* 3 2( )b cηΞ
' 1 2( )b cηΞ
1
2
− 3
2
− 5
2
−
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* 3 2( )DbcΩ
* 3 2( )DsbcΞ
8842.5
* 3 2,1 2( )Bc cΞ
1 2( )DbcΩ
1 2( )DsbcΞ
* 5 2,3 2,1 2( )Jb ψΞ
' 3 2,1 2( )Jb ψΞ
3 2,1 2( )Jb ψΞ
* 3 2( )b cBΞ
' 1 2( )b cBΞ
1 2( )b cBΞ
1 2( )c bηΞ
' 1 2( )c bηΞ
* 3 2( )c bηΞ
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' 3 2,1 2( )cΞ ϒ
3 2,1 2( )cΞ ϒ
5
2
−3
2
−1
2
−
12362.5
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12287.1
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12208.6
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12142.4
12117.7
* * 5 2,3 2,1 2( )BbcΩ
* * 5 2,3 2,1 2( )Bbc sΞ
* * 5 2,3 2,1 2( )Bb cΞ
' * 3 2,1 2( )Bb cΞ
* 3 2( )Bbc sΞ
* 3 2( )BbcΩ
* 3 2,1 2( )Bbc sΞ
* 3 2,1 2( )Bb cΞ
1 2( )Bbc sΞ
1 2( )BbcΩ
12382.2
(a) nsbcc¯ states (b) nscbb¯ states
FIG. 6: Relative positions (units: MeV) for the nsbcc¯ and nsbcb¯ pentaquark states. The dotted lines indicate various baryon-
meson thresholds. When the spin of an initial pentaquark state is equal to a number in the superscript of a baryon-meson
state, its decay into that baryon-meson channel through S-wave is allowed by the angular momentum conservation. We have
adopted the masses estimated with the reference thresholds of (a) Ξ
′
bJ/ψ and (b) ΩbcB.
TABLE XI: The stable states in the qqQQQ¯ systems from Figs. 2, 3, 4, 5, and 6.
Systems I(JP ) Masses Systems I(JP ) Masses Systems I(JP ) Masses Systems I(JP ) Masses
nnccc¯ 0(5/2−) 5680.7
nnbbc¯
0(3/2−) 11922.9 nnbcc¯ 0(5/2−) 8882.1
nsbbc¯
1/2(5/2−) 12214.8
nnbbb¯ 0(5/2−) 15414.0 0(1/2−) 11876.3 nncbb¯ 0(5/2−) 12164.2 1/2(3/2−) 12026.3
nnccb¯ 0(5/2−) 8988.7 1/2(1/2−) 11983.6
gations about properties of the qqQQQ¯ pentaquark states
from both the theoretical and the experimental aspects.
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VII. APPENDIX
In this appendix, we show the CMI Hamiltonian ma-
trix elements with JP = 5/2
−
, JP = 3/2
−
, and JP =
1/2
−
in Tables XII, XIII, and XIV, respectively.
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TABLE XII: The HCMI matrix elements for the case J
P = 5
2
−
.
Bases
Elements Bases
φ1χ1 φ2χ1 φ3χ1
φ1χ1
1
3
[8α+ 2ζ + 4(ν + λ)]
√
2η − 2√2µ −√2θ − 2√2ξ
φ2χ1
√
2η − 2√2µ 1
3
(−4β + 5ζ + 10λ− 2ν) −κ
φ3χ1 −
√
2θ − 2√2ξ −κ 1
3
(4γ + 5ζ − 2λ+ 10ν)
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